Abbreviations used in this paper: CT = computerized tomography; JOA = Japanese Orthopaedic Association; MR = magnetic resonance; OLF = ossification of the ligamentum flavum.
T involved laminoplasty or laminectomy, either of which was combined with lateral fusion. The follow-up duration ranged from 1.5 to 5.8 years (mean 2.3 years).
Neurodiagnostic Study
Diagnostic studies included plain radiography, CT scanning, and MR imaging. We evaluated the affected segment, distribution pattern of the ossified ligament, configuration of the ligament, and extent of spinal canal stenosis and spinal cord compression. Other spinal diseases were also identified.
Pathological Study
Every surgical specimen was stained with H & E for the purpose of establishing a definitive diagnosis. Scanning electron microscopy was conducted as a part of the examination in 20 cases. Because the ossification usually initiates on the dural side of the ligamentum flavum, 11 we examined that portion of the structure on scanning electron microscopy studies in this series.
Surgical Techniques
Patients were treated with either laminoplasty or laminectomy.
Decompressive Laminoplasty. Posterior decompressive laminoplasty was performed in four patients. Using a high-speed bur, longitudinal grooves were made bilaterally at the point of intersection between the laminae and the facet joint. The groove was extended to include all involved segments and deepened until the dura mater was identified at the open side, whereas for the hinge side only the posterior cortex was removed. The laminae were gently lifted from the open side to the hinge side and, using a blade or a nerve stripper, peeled from the dura. Sutures were passed through the hole in the spinous process to the muscle and fascia on the hinge side.
Decompressive Laminectomy. Laminectomy combined with lateral fusion was performed in 36 patients. In this series the laminectomy included the removal of the laminae, ossified ligamentum flavum, and medial half of the facet joint. Two modalities of laminectomy were used. The first was en bloc laminectomy. Briefly, as illustrated in Fig. 1A , longitudinal grooves were made bilaterally at the midline of the facet. The grooves were deepened bilaterally until the dura was identified. Using a knife blade or a nerve stripper, the laminae were gently lifted and peeled away from the dura. The second technique was the "separating laminectomy," a modality we developed. The procedure is illustrated in Fig. 1B . Briefly, the spinous process was excised. Midline sagittal splitting was performed at the laminae until the dura was identified. Longitudinal grooves were made bilaterally at the midline of the facet without entering into the spinal canal. The separated laminae were gently lifted from the midline to the lateral side and peeled from the dura by using a knife blade or a nerve stripper. Lateral fusion involved the placement of the resected laminae and iliac crest graft after the laminectomy in all patients. Posterior segmental instrumentation was placed simultaneously in four patients to treat marked hypermobility or the result of an extensive laminectomy at the thoracolumbar junction (Fig. 2) .
Evaluation of Outcome
The surgery-related outcome was evaluated according to a recovery scale based on the JOA classification 19 ( Table 1) : recovery scale score = (postoperative score Ϫ preoperative score)/(11 Ϫ preoperative score). The outcomes were ranked as good (Ͼ 50%), fair (10-49%), unchanged (0-9%), or worse (Ͻ 0%).
Results

Imaging Study
Of the total 168 ossified segments in the series, 130 (77.4%) were located in the lower thoracic spine, 24 (14.3%) in the upper thoracic spine, and 14 (8.3%) in the midthoracic spine (Fig. 3) .
Marginal osteophyte formation was found in 36 of the 40 patients. In most cases (32 patients), the osteophytes were located at the intervertebral space higher or lower than the ossified ligament (Fig. 4) . In the other four cases, the osteophytes were found at the ossified segment. The ossified lesions of thoracic ligamentum flavum were classified into three types according to the distribution pattern of ossifications documented on MR images (Fig. 5) : the isolated type (lesion within two adjacent laminae) in 25% of the patients, continuous type (continuous lesion along Ͼ two laminae) in 60%, and noncontinuous type (isolated or continuous at intervals) in 15%.
According to the configuration of ossifications visualized on CT scans, lateral type occurred in 5% of the patients, diffuse type in 40%, and thickened nodular type in 55% (Fig. 6 ).
Scanning Electron Microscopy
The following ultrastructural alterations were found in all of the 20 specimens on scanning electron microscopy: 1) elastic fiber breakdown, 2) proliferation of collagenous fibers, 3) calcium crystal deposits around the brokendown elastic fibers and collagenous fibers in varied shapes and sizes, and 4) osteoid proliferation and new bone formation. Moreover, these pathological changes were observed in the same region examined (Fig. 7) .
Outcomes of Surgical Treatment
The pre-and postoperative JOA scores of all patients are listed in Table 2 . Postoperative status in 17 cases was ranked as good, 14 as fair, four as unchanged, and five as worse. Of the four cases in which laminoplasty was performed, it resulted in a good outcome in one patient (25%) and an unchanged or worse outcome in three (75%; in two cases it led to increased thoracic kyphotic deformity). Laminectomy combined with lateral fusion was conducted in 36 patients and resulted in significant neurological improvement, according to JOA scores (p Ͻ 0.001, Wilcoxon signed-rank test); increased kyphotic deformity occurred in one case (Table 2) . Specifically, in 30 cases (83.3%), it resulted in good or fair outcome, and in six cases (16.7%) it resulted in unchanged or worse outcome (Table 3) .
Of the 36 patients in whom laminectomy was combined with lateral fusion, en bloc laminectomy performed in 16 patients (Table 4 ) resulted in good or fair outcome in 11 of 12 patients with lateral-or diffuse-type OLF, and worse outcome in two of four patients with thickened, nodulartype OLF. Separating laminectomy was performed in another 20 patients, including 16 patients with the thickened, nodular-type OLF, and in 13 of these 16 patients it resulted in good or fair outcome; in only one patient did it result in worse outcome (Table 5) .
Postoperative Complications
There were 12 postoperative complications. Cerebrospi- nal fluid leakage occurred in seven patients, in one of whom a second operation was required for definitive repair. Postoperative infection developed in two patients, who thereafter underwent antibiotic therapy; no evidence of infection was observed at the final follow-up examination. Three patients, including two (of four) treated with laminoplasty and one (of 36) treated with laminectomy, complained of severe back pain, likely due to increased thoracic kyphotic deformity at the treated segment; symptoms in two patients were treated with nonsteroidal antiinflammatory drugs for pain control, and one patient required an anterior interbody fusion.
Discussion
Pathogenesis of OLF
It has been documented that the incidence of thoracic OLF is higher in the patients with diffuse idiopathic skeletal hyperostosis, fluorosis, diabetes mellitus, and ankylosing spondylitis. Moreover, this disorder may occur in combination with ossification of the posterior longitudinal ligament. 5, 6, 11, 19 In the present study, none of the aforementioned disorders was present in any of our cases; thus, there was no etiological correlation between OLF and the diseases in the present cases. We propose that the pathogenesis of thoracic OLF in our cases may be different from that reported in the literature.
In the present study, most patients worked as heavy laborers, and the ossified lesions were usually (77.4%) located in the lower thoracic spine. This localization is in keeping with that reported by Okada and associates. 11 The ossified ligaments probably resulted from the centralizing stress on the lower thoracic spine or thoracolumbar junction. 8 Moreover, marginal osteophyte formation was found in most of our patients, and the most interesting finding was that the predominant localization of the marginal osteophyte was at the intervertebral space superior or inferior to the ossified segment. The segment associated with marginal osteophyte formation would be more rigid, which would increase the mobility of the adjacent segment. In other words, the adjacent segment would be at risk for hypermobility and would be subjected to major mechanical stress. Nakamura, et al., 10 found that spinal hypermobility may lead to ossification of the ligament. In the present study, the particular localization of the marginal osteophyte and the fact that most of the patients were heavy laborers suggest that the development of thoracic OLF was mainly due to the mechanical factor.
FIG. 5. Sagittal MR images documenting the distribution patterns of the ossifications: isolated type (left); continuous type (center); and noncontinuous type (right).
FIG. 6. Axial CT scans documenting the configurations of ossifications: lateral type (left); diffuse type (center); and thickened, nodular type (right).
Several investigators have shown the process of endochondral ossification in the development of thoracic OLF. 7, 11 Based on our scanning electron microscopy findings in the present study, we report that the ultrastructural changes of the ossified ligament had the following characteristic features: 1) breakdown of a large number of elastic fibers and proliferation of collagenous fibers; 2) calcium crystal deposit around the broken-down elastic fibers and collagenous fibers in varied shapes and sizes; and 3) these pathological changes and the ossified lesion could be found in the same microscopic region. The elastic fiber breakdown and increase in the number of collagenous fibers in the ligamentum flavum have been reported to exhibit increased affinity for calcium and to promote the formation of calcium deposits, chondrometaplasia, and endochondral ossification. 3, [9] [10] [11] This evidence indicates that elastic fiber breakdown may play an important role in the development of thoracic OLF. Although the cause of elastic fiber breakdown may be multifactorial, mechanical stress could be the key factor. 3, 14 Given this evidence combined with our findings that various pathological changes occurred in the same region of the specimen, one reasonable explanation is that the ligamentum flavum had been repeatedly exposed to mechanical stress due to hypermobility of the ossified segment. This finding strongly suggests that the pathogenesis of thoracic OLF was mainly due to the localized mechanical stress on the ligament.
Diagnosis of Thoracic OLF
Magnetic resonance imaging was clearly able to demonstrate the distribution patterns of thoracic OLF. In our series, lesions in 60% of the patients were the continuous type, 15% were the noncontinuous type, and only 25% were the isolated type. Although CT scanning has been considered the standard for documenting thoracic OLF, 1, 7, 19 it was limited in detecting the aforementioned distribution patterns and would have led to missed diagnosis of OLF. We found that CT scanning is valuable only after MR imaging has documented the correct levels of thoracic ossified lesions. Therefore, we recommend that MR imaging of the entire thoracic region be performed prior to CT scanning preoperatively to establish an accurate diagnosis.
Surgical Treatment of Thoracic OLF
Most patients with thoracic OLF reported in the literature underwent laminectomy; however, the surgical results were not always satisfactory. 4, 6, 11, 19 Some authors have suggested that late-onset thoracic kyphotic deformity is one of the factors that leads to poor prognosis; therefore they have recommended laminoplasty in the treatment of these lesions. 7, 11 In the present study, laminoplasty was performed in four patients with thoracic OLF; however, the outcome in three patients was unchanged or worse (two patients continued to suffer severe back pain during a 4-year follow-up period due to increased thoracic kyphotic deformity at the treated segment). The poor results of laminoplasty in this series were mainly due to the following factors. 1) The most severe ossified lesions were located in the capsular portion of the ligamentum flavum anterior to the facet joint. Laminoplasty failed to relieve the compression in this region and consequently led to insufficient decompression. 2) Although laminoplasty would not lead to significant loss of spinal instability, it cannot prevent hypermobility of the ossified segment either (as mentioned previously), which would result in progression of ossification and increased kyphotic deformity of the treated segment. Furthermore, we found it was difficult to perform laminoplasty in patients with thoracic OLF because the dura was usually adherent to the ossified lesion. For these reasons, we chose extensive laminectomy (including removal of half of the facet joint) combined with lateral spinal fusion as the procedure in the remaining patients; posterior segmental instrumentation was applied at the same time as necessary in some patients to increase the fusion rate. Subsequently, better results were obtained in these patients because decompression was more effective and the stability of the ossified segment was better restored.
Dural tears and worsening myelopathy due to surgery, however, may result in poor laminectomy-related outcome, and these two complications often occurred while dissecting dural adhesions to the ossified lesions. Li, et al., 7 have reported satisfactory results after en bloc laminectomy in seven cases of OLF. In the present study we found that in terms of the configuration of ossifications en bloc laminectomy was suitable for the cases involving lateral-type and diffuse-type lesions, but not suitable for thickened, nodular-type ossification. In this series, en bloc laminectomy was performed in four patients with thoracic OLF of the thickened, nodular type; worsened myelopathy occurred in two cases. Further evaluation showed that the dura was usually severely adherent to the ossified lesions in cases involving the thickened, nodular-type lesion, and the spinal cord was usually sandwiched by bilateral ossifications. Accordingly, decompressive en bloc laminectomy in these patients would be prone to causing dural tears and might result in spinal cord tension injury. Thus, we developed a new procedure, which we nicknamed the separating laminectomy, to treat the thickened, nodular-type OLF. In 13 of 16 patients with this type of ossification, treatment with separating laminectomy resulted in a good or fair outcome, and only in one patient did dural tears and worsened myelopathy occur. Therefore, we concluded that en bloc laminectomy is suitable for lateraltype and diffuse-type lesions, but to treat thickened, nodular-type ossifications, separating laminectomy is more favorable.
Conclusions
Ossification of the ligamentum flavum has been widely recognized as a primary cause of thoracic myelopathy, even though the pathogenesis is still poorly understood. The results of the present study suggest that the pathogenesis of thoracic OLF is mainly due to the localized mechanical stress on the ligament. Posterior decompressive laminectomy combined with lateral fusion is the treatment of choice. The laminectomy technique depends on the configuration of ossification; en bloc laminectomy is suitable for lateral-type and diffuse-type lesions, whereas separating laminectomy is ideal for thickened, nodular-type ossifications. 
